ABSTRACT A Flywheel Energy
INTRODUCTION
Spacecraft electrical power systems, in general, convert solar energy into usable electrical energy. For Low Earth Orbit (LEO), a rechargeable energy storage system is necessary to supply loads during the eclipse period as well as to provide backup power. Traditionally, space qualified electrochemical storage batteries have served this purpose. However, unless there is a provision to replace such batteries often, they limit the life of the spacecraft power system itself As a battery replacement, an electromechanical energy storage (Flywheel) system is under development. In terrestrial systems, a flywheel is often used as a load equalizer. In space systems, flywheels have been extensively used for 'Attitude Control' purposes. The new development intends to use the flywheel for both energy storage and attitude control purposes. It is a joint industry-government (NASA) effort. Naturally, the energy storage requirements for battery replacement are much higher compared to those for attitude control.
A comparison between flywheel and NiH2 batte.ry systems for the EOS-AM1 type spacecraft' has shown that flywheel system would be much smaller and lighter: 35% in mass reduction, 55% in volume reduction, and 6.7% in solar array area reduction. For more information on the NASA's flywheel programs, current status, business opportunities, etc. lease refer to NASA Glenn Research Center's web site ,
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In support of this development, modeling and simulation activity was begun at NASA Glenn Research Center. At the top level, the ISS primary electrical system will be modeled with one BCDUBattery unit replaced by the FESU. At the next level, the FESU itself will be modeled to account for the dynamics between the 'dc to 3 phase ac' converter and the motor model. A separate motor modeling activity is taking place, both in the circuit domain and in the Finite Element Modeling (Electromagnetic) domain3. This paper describes the simulation of the converter and associated control system that regulates energy transfer to/fiom the flywheel. A simpler representation of the motor/generator is employed as described later in the paper.
SYSTEM DESCRIPTION
Inertial energy stored in a flywheel varies as the square of its rotational speed This permits the flywheel energy storage system a depth of discharge of 90% (possible for a battery system but at the expense of life) for a reduction in speed to only one third. The operating speed of the flywheel has been established to be between 60,000 RPM (max) and 20,000 RPM (min). The flywheel rotational inertia constant is then selected based on energy storage needed. The flywheel rotating speed simply goes up/down during charge/discharge, while observing the above mentioned limits. Mechanical and structural properties of the wheel as well as the reliability of the shaft bearings govem the upper limit. Further lowering of the lower speed limit does not yield any significant depth of discharge. Figure 1 shows the energy flow in a flywheel system for charge and discharge conditions. Figure 2 shows the top-level diagram of the simulated flywheel system. For clarity only details of phase 'A' are shown.
A 2-pole, 3-phase, Permanent Magnet Synchronous Motor/Generator is shaft-coupled to the flywheel. The voltage magnitude and frequency at the machine winding terminals are directly proportional to the speed of rotation. Thus, during motor action, for example, an inverter output with desired voltage and frequency profile is made availableto cause energy transfer to the motor and, hence, to the flywheel. Naturally, the reverse process takes place when energy is transferred in the opposite direction.
For a typical synchronous motor, changing the frequency of the applied voltage changes the motor speed. This is known as open loop speed control. However, in the present case, the speed control is also based on shaft position feedback, the closed loop control. Briefly, only the winding whose axis aligns with the pole axis is energized, successively, to create torque. Hence it is necessary to know the location of the pole axis or the shaft position. It may be noted, however, that these considerations are not relevant in the present simulation, as there is no explicit shaft rotation in the simplified model of the synchronous machine.
The Power Electronics (Fig. 3 ) in a FESU works to convert from a dc source to ac (charge mode) and vice versa (discharge mode). While there could be many ways to bring this about, the system under simulation consists of three, single phase, dc-to-ac converters that are connected to the three motor terminals. The Y-point of the motor winding remains unconnected. The dc ends of the converters are connected, in parallel, to the dc bus. Appropriate filters are installed between the dc bus and the converter switches ('SlA' and 'S2B') to mitigate the effects of harmonics caused by switching action. The motor winding terminal is connected to the common point between the switches. Thus, any current entering or leaving a motor winding is returned via the other two windings and appropriate closed switches or the diodes in parallel (actually the body diode). A closing and opening sequence for the switches is established to cause power transfer between the dc and the ac.
As mentioned earlier, the controller (Fig. 4) operates the power electronic switches to excite the motor windings based on the shaft position. For the purposes of this simulation, the controller also limits currents in the switches and the windings to 150 A and 100 A, respectively. Reference values of currents to be limited are compared to the actual currents fed back and error signals are generated to drive the pulse width modulator that operates the switch. (Figure 5) . Similarly, other desirable quantities could be controlled, i.e., rate of change of flywheel speed, rate of charge/discharge current, etc.. The controller is also capable of reversing the operation from charge to discharge based upon a command. A reference sine wave is provided to generate control error for the PWM. The frequency of this sine wave determines the frequency of the machine output voltage and, therefore, the flywheel speed.
Certain observations are made with respect to the switch action (see Fig. 5 ). During charge operation, only switch 'SlA' is pulse width modulated while switch 'S2B' works in ON/OFF mode. During discharge operation, only switch 'S2B' is pulse width modulated while switch 'SlA' is open all the time. However, the body diode of 'SlA' conducts if appropriate bias voltage is available.
MOTOR MODEL
An 'electrical' and not an 'electromechanical' model is used for this simulation. Thus, the model cannot simulate the motor torque equation as a mechanical quantity. However, it can simulate the electrical response by virtue of its back EMF and the winding parameters. Each phase of the motor consists of an R-L series circuit, in series with a sinusoidal voltage source that represents the back EMF (i.e. air gap voltage). The Y-point is left unconnected. Presently, the magnitude and frequency of the back EMF are held constant for a given case. Thus, we are able to simulate power exchange with the motodgenerator but not energy exchange. Or, the simulation takes place at a fixed rotational speed of the machine. Motor simulation data are as follows. During normal operation the rotor speed will not go below 20,000 RPM. At that speed, the voltage and frequency will be one-third as much as that at the maximum speed. The current rating does not change. This model assumes that the rotor is uniformly round and that saliency effects are neglected. These will be considered in the next phase of modeling. As was mentioned earlier, the motor operation is simulated while at a constant speed At the chosen speed we can simulate charge or discharge action. Due to the voltage level magnitudes on both the dc and the
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I
Case4 I 60,000
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I 60,000 ac side, one should note that bucking action takes place during charging, and boosting takes place during discharging. Thus, in a given situation, the level of power being transferred will depend upon the levels of dc and ac voltages encountered Keeping this in view,
we ran five simulations, as shown in Table 1 . These cases cover all the extremes of voltages on both dc and ac sides. Also, as pointed out earlier, the voltage magnitude and frequency change proportionally with RPM. SIMULATION TOOL Saber4, a simulation software package developed by Analogy, Inc., is used for the simulations at hand. The tool permits complete circuit simulation as well as control simulation using logic devices.
SIMULATION RESULTS
The five cases delineated in Table 1 shows simulation results for Case 1. Levels of 'chargddischarge' and 'enable' commands are shown to achieve charge, disable, and discharge operations. Phase 'A' back EMF is shown which, by definition, is a sine wave of specified magnitude and frequency. Next shown is a rectified version of the phase 'A' current.
Lastly, the dc current output of the FEW to the system dc bus is shown. Clearly, this current is negative during the charge mode, as it should be. It may be noted that the motor current is seen to be limited to 100 A (mentioned) in all the cases except case 4.
As discussed earlier, bucking and boosting actions take place in charge and discharge modes, respectively, mainly due to the voltage levels available. Amount of boosting possible also depends upon the commutating inductance (the winding inductance in this case). We have verified that we could make discharge cutrent nearly zero by arbitrarily increasing the dc voltage or decreasing the ac voltage (results not shown).
The switch model consists of a nearly ideal switch in parallel with an ideal diode (the body diode). The motor winding current waveforms do not look like rectified sine waves. In fact, one half of the waveform looks quite distorted. Snubber circuits, which were not modeled, will have influence on the shape of these waveforms.
CONCLUSION
Interaction of the power electronic dc-ac converter, connecting the dc bus to the flywheel machine is demonstrated at constant flywheel speed Exchange and reversal of currents between the two has been shown. A simplified version of machine model was used which precludes the simulation of electromechanical behavior of the machine. Work continues to upgrade the models, leading to the demonstration of energy exchange between the dc bus and the flywheel. 
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